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Motivated by the swampland dS conjecture, we consider a rolling scalar field as the source of dark
energy. Furthermore, the swampland distance conjecture suggests that the rolling field will lead at
late times to an exponentially light tower of states. Identifying this tower as residing in the dark
sector suggests a natural coupling of the scalar field to the dark matter, leading to a continually
reducing dark matter mass as the scalar field rolls in the recent cosmological epoch. The exponent
in the distance conjecture, c˜, is expected to be an O(1) number. Interestingly, when we include the
local measurement of H0, our model prefers a non-zero value of the coupling c˜ with a significance of
2.8σ and a best-fit at c˜ ∼ 0.3. Modifying the recent evolution of the universe in this way improves
the fit to data at the 2σ level compared to ΛCDM. This string-inspired model automatically reduces
cosmological tensions in the H0 measurement as well as σ8.
I. INTRODUCTION
Recently the swampland program [1] has been studied
rather intensively from various viewpoints (see the review
articles [2, 3]). In particular a conjecture has been ad-
vanced about meta-stable de Sitter as belonging to the
swampland [4]. Namely for scalar field potentials arising
from a consistent quantum gravity, we have a bound1
|∇V | ≥ c V.
where c ∼ O(1) in Planck units. This conjecture moti-
vated alternative descriptions of the present epoch of cos-
mology [7] as being realized through a rolling scalar field,
which is sometimes called the quintessence field. Study-
ing quintessence models is natural, independently of the
validity of the dS swampland conjectures. Here we would
like to study quintessence models in view of yet another
swampland conjecture, the distance conjecture [8], which
states that if a scalar field moves a distance ∆φ ≥ O(1)
in Planck units, a tower of light states emerges (see re-
lated work [9–11]). Namely masses in the tower scale as
the field rolls for large values of φ by
mi(φ) ∼ mi(0) exp(−c˜ φ)
where c˜ ∼ O(1) in Planck units.
Aspects of this conjecture were already studied in this
context in [7], where it was pointed out that in this sce-
nario our universe will undergo a transition in a time
scale of order the Hubble time in one of two possible
ways: (i) either the dark energy becomes negative or (ii)
the scalar field will roll a large distance which leads to
the emergence of a light tower of states with which the
quintessence field interacts strongly. As is well known the
quintessence field cannot be interacting strongly with the
1 There has been refined versions of this conjecture; see in partic-
ular [5, 6].
visible sector. Therefore this light tower of state must re-
side in the dark sector. It is natural to ask whether we
have already begun to experience the emergence of this
light tower of states in the dark sector through the rolling
of the quintessence field. In this paper we aim to study
this question.
On the other hand recent observations of local cos-
mology [12, 13] have led to an unexpectedly large value
of the present Hubble constant H0 compared to that in-
ferred from ΛCDM using Cosmic Microwave Background
(CMB) data [14, 15]. This so called Hubble tension is
now significant at the 4.4σ level [13]. There has also been
studies of the H0 tension in the context of dS swampland
conjecture [16–26]. It turns out that quintessence mod-
els exacerbate this tension since the dark energy density
decreases in recent times. However if we assume that the
tower of light states are already beginning to emerge in
the dark sector, then as we will see, the story dramat-
ically changes. Such a coupling leads to a reduction of
mass, or fading, of dark matter which is compensated by
a bigger value of dark energy. The latter becomes more
noticeable in the present accelerating epoch, leading to
an increase in H0. Moreover the fit to data improves
by 2σ compared to ΛCDM. The H0 value increases from
68.3 in ΛCDM to 69.1. This improves the tension with
the observed value of H0 using supernovae data [12, 13]
but is not enough to resolve it. Further, the lower value
of dark matter at late times leads to a lower value of S8
which also ameliorates tension with weak lensing mea-
surements.
What is remarkable is that introducing this ingredient
which is motivated from string theory, not only improves
the fit to the data significantly, but also predicts a value
for c˜ by best fit with experiments which is significantly
different from 0 but still order 1. Namely we find the
best-fit value
c˜ ∼ 0.3
for c ∼ O(1). This is probably the most important re-
sult of this paper: the quintessence field is best set as
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2interacting with the dark sector in an exponential way
with the value of the exponent close to 1. This in turn
leads to a more specific prediction about the future of
our universe.
The organization of this paper is as follows: in sec-
tion II we present the concrete setup of our model and
present the results of our fit and the phenomenology in
section III. We conclude in section IV.
II. THE BASIC SETUP
Let us first briefly review the distance conjecture [8].
The distance conjecture is motivated by the observation
that, when studying scalar fields in a large number of
string theory vacua, light states emerge when the field
travels distances φ 1 in Planck units. In particular, a
tower of light states emerges with a mass scale given by
m(φ) ∼ m0 · exp(−c˜ φ)
where φ labels the scalar field vev. This behavior is ex-
pected to hold when φ is sufficiently large. Note on the
other hand if we went to negative values of φ one may
have expected the masses to increase, but the distance
conjecture predicts that other light states will emerge
whose mass again exponentially decreases as φ  −1.
Moreover for |φ| . O(1) masses are not expected to be
very sensitive to the field value φ. See figure 1 for a de-
piction of expected behavior of m(φ). Therefore, if we
take m(φ) to denote the mass gap as a function of φ, a
model that captures this behaviour for φ > 0 is
m(φ) = m0
{
1 0 < φ < φ0
exp[−c˜ (φ− φ0)] φ ≥ φ0 (1)
which roughly models the behavior in figure 1. Alterna-
tively, we can model the transition by using a smoother
interpolating factor such as [1 + tanh(γ(φ− φ0))]/2 with
γ  1.
As already mentioned, the dS swampland conjecture
suggests that dark energy is realized through a rolling
scalar field φ. This was shown to be compatible with
observation [7, 20, 22] as long as c . 0.6. Moreover as
was found in [7] the variation of φ until the present epoch
is O(1). Therefore it is natural to expect that we are
entering a regime where a light tower of states associated
with the dark sector is emerging. This motivates a model
of dark matter as consisting of a particle of mass m whose
value changes as m(φ) given in Eq. 1 when φ rolls. In
other words the energy density of dark matter goes as
ρDM = nDM(a) ·m(φ)
where nDM is the number density of dark matter. This
is the model we analyze in this paper.
Note that this model captures a wide class of models,
including ones where only a fraction f of dark matter
is affected by the field φ. In this case, there is a single
ϕ
m(ϕ)
FIG. 1. Schematic dependence of the mass gap m(φ) on the
value of φ. At large positive and negative field values the mass
gap decreases exponentially, and a tower of states become
light.
parameter f c˜ that dictates the cosmology; our results are
presented for f = 1, and can be easily scaled for other
values of f in a given model.
For the quintessence potential we choose the same pa-
rameterization as in [7] where the slope of the poten-
tial is steep in the early universe (with logarithmic slope
∼ 50) and becomes shallow in the recent times, where we
choose some benchmark examples for recent times with
logarithmic derivatives c = 0.1 and 0.2. For simplicity we
consider a sum of two exponential potentials which meet
at the point φ = φ0 where the dark matter sector begins
to get light. That the transition to shallow slope for the
potential should be the same place where the tower of
light states appears in the dark sector is a natural expec-
tation. As explained in [6], the tower of states drives the
potential itself through the Gibbons-Hawking entropy re-
lation with the dark energy density. Thus we consider the
potential for the scalar to be:
V (φ) = B · exp(−bφ) + C · exp(−cφ) (2)
with B,C chosen so that B exp(−bφ0) = C exp(−cφ0),
and where b ∼ 50 and c = {0.1, 0.2}. The choice we
make for the logarithmic slope b has no bearing on our
result since data cannot distinguish between any value of
b & 30. We assume that in the early universe φ starts at
φ < φ0, where it does not couple to dark matter. This
leads to its behavior in early times being set by V (φ)
alone. The steep part of the potential dominates the
behavior which is that of a tracking field with Ωφ ∝ 1/b2.
For b & 30 this is subdominant and does not affect early
cosmological evolution.
The energy density today is dominated by the
quintessence field with an equation of state close to −1.
Therefore, the field always transitions through the value
φ0 in the late universe, after which the dark matter–dark
energy coupling is active, and the dark matter energy
density is converted to dark energy.
It is worth emphasizing the difference between our
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FIG. 2. Evolution of the Hubble parameter in our best-fit
models with c = 0.1 relative to that of our best-fit ΛCDM.
Quintessence-only models lead to a smaller value of H0,
whereas models with coupled dark matter – dark energy lead
to a larger H0. The coupling becomes relevant at z ≈ 15.
model and one where the dark matter – dark energy cou-
pling is always present. The case considered here is in ac-
cordance with the behavior expected from string theory,
i.e. the coupling is only relevant after φ has rolled O(1) in
Planck units. Were the coupling relevant throughout the
history of the universe, it would deplete the dark matter
density significantly which makes it difficult to circum-
vent CMB constraints unless c˜ is set to be very small.
(see [27, 28] for recent work and references). In this case
the coupling is restricted to be c˜ . 0.06.
III. RESULTS
Our solution modifies the cosmological evolution of the
universe at late times. At early times (z & 15), the
scalar field contributes a negligible amount to the energy
density of the universe. In this phase of its evolution, the
scalar field is evolving on a steep exponential potential.
The attractor solution for this case is that the scalar field
tracks the background energy density,
ρφ =
3(1 + wb)
b2
ρb (3)
where ρb and wb are the energy density and equation of
state of the background cosmology. In our case b = 50,
which means that the contribution is too small to affect
CMB anisotropies. Furthermore, in this early phase there
is no coupling of the dark matter to the scalar field, corre-
sponding to the fact that the dark matter mass does not
depend on the scalar field φ in this regime. Indeed, the
coupling of the scalar field to the dark matter is propor-
tional to ∂mDM (φ)/∂φ. Consequently, the early universe
cosmology is similar to that of ΛCDM.
We show the evolution of H(z) (relative to ΛCDM)
and wDE(z) for our best-fit models in figures 2 and 3
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FIG. 3. We show the evolution of w(z) in our models. In
the presence of coupling of dark matter with the scalar field
(1 + wDE) can be negative.
respectively. We provide a precise definition of wDE(z)
in equation 5 below. The scalar field coupling to dark
matter turns on as the scalar field exits its tracking be-
havior which typically happens at a redshift z ∼ 15 in
our models. About 10% of dark matter has faded start-
ing from z = 15 to the present time at z = 0. Models
which do not couple the scalar field to dark matter tend
to have a slightly lower value of H0 than ΛCDM models.
However, when dark matter and dark energy are coupled,
this is no longer true. This coupling depletes dark mat-
ter into dark energy φ. As we see from figure 3, initially,
the dark energy equation of state wDE > 0, so that the
energy density redshifts faster than that in ΛCDM. This
results in a smaller value of H(z) around z ∼ 10 (see
figure 2). In order to keep the angular diameter distance
to recombination (DA) fixed, the model prefers a larger
value of vacuum energy, and hence the value of H0 today
is larger. We see that the dark matter – dark energy cou-
pling goes in the direction of producing larger values of
H0. We will next describe our fitting procedure in detail
and present results for the fits.
A. Fits and Datasets
We use a modified version of the CMB Boltzmann code
CLASS [29, 30] with MontePython [31, 32] to scan the
parameter space of our model. Our model has two free
parameters, c and c˜. We use the following datasets
• Planck: We use the temperature and polarization
likelihoods from Planck 2015 high-` [33], low-` and
lensing [34] likelihoods, including all the nuisance
parameters with priors as in [35].
• BAO: We use the BAO measurements from the
BOSS-DR12 fσ8 sample [36]. We also use the low-
z BAO measurements from 6dFGS [37] and Main
4χ2 ∆χ2
ΛCDM c = 0.1 c = 0.2 c→ 0.0014
c˜ = 0 c˜→ 0.30 c˜ = 0 c˜→ 0.31 c˜→ 0.31
Planck-high ` 2440.12 1.12 -0.44 1.50 -0.14 -0.74
Planck-low ` 10496.03 0.23 -0.13 0.38 0.028 -0.11
Planck-lensing 9.48 -0.18 0.88 -0.10 0.90 1.06
BAO 1.80 -0.022 0.18 -0.022 0.18 0.22
Pantheon 1026.89 0.066 0.086 0.13 0.046 0.19
HST 16.56 0.72 -4.62 0.80 -4.40 -5.30
low-z BAO 1.88 -0.18 0.86 -0.16 0.86 1.00
Total 13992.77 1.77 -3.21 2.49 -2.55 -3.71
Improvement (σ) - -1.3σ 1.8σ -1.6σ 1.6σ 1.9σ
TABLE I. Likelihoods for the best-fit point for each of the models considered in this paper. For models where parameters were
scanned we indicate the best-fit value by an arrow.
mean+1σ−1σ
ΛCDM
c = 0.1 c = 0.2 c→ 0.0014
bestfit c˜ = 0 c˜→ 0.30 c˜ = 0 c˜→ 0.31 c˜→ 0.31
100ωb
2.240 +0.015−0.014 2.241
+0.014
−0.014 2.241
+0.014
−0.015 2.241
+0.014
−0.014 2.242
+0.014
−0.014 2.242
+0.015
−0.015
2.237 2.237 2.237 2.241 2.238 2.236
ωc
0.1175 +0.0011−0.0011 0.1178
+0.0010
−0.0011 0.1177
+0.0011
−0.0011 0.1177
+0.0011
−0.0011 0.1175
+0.0011
−0.0011 0.1177
+0.0012
−0.0011
0.1177 0.1179 0.1179 0.1177 0.1179 0.1180
τreio
0.078 +0.013−0.013 0.079
+0.013
−0.010 0.062
+0.010
−0.019 0.079
+0.013
−0.010 0.062
+0.009
−0.021 0.061
+0.007
−0.023
0.077 0.079 0.052 0.081 0.049 0.051
100θs
1.04200 +0.00029−0.00029 1.04186
+0.00027
−0.00026 1.04187
+0.00029
−0.00029 1.04185
+0.00027
−0.00028 1.04188
+0.00029
−0.00028 1.04186
+0.00029
−0.00029
1.04199 1.04183 1.04183 1.04185 1.04188 1.04181
ln[1010As]
3.084 +0.024−0.023 3.087
+0.023
−0.018 3.051
+0.024
−0.032 3.087
+0.024
−0.019 3.051
+0.023
−0.036 3.051
+0.023
−0.035
3.081 3.085 3.032 3.089 3.025 3.029
ns
0.9687 +0.0042−0.0043 0.9686
+0.0042
−0.0041 0.9688
+0.0043
−0.0042 0.9691
+0.0041
−0.0041 0.9690
+0.0042
−0.0042 0.9687
+0.0042
−0.0042
0.9665 0.9664 0.9659 0.9673 0.9664 0.9658
c˜
- - 0.25 +0.10−0.06 - 0.25
+0.11
−0.06 0.25
+0.11
−0.06
- - 0.30 - 0.31 0.31
rdrag
147.74 +0.25−0.25 147.53
+0.25
−0.25 147.55
+0.25
−0.25 147.56
+0.26
−0.26 147.59
+0.26
−0.27 147.56
+0.26
−0.26
147.72 147.57 147.54 147.56 147.55 147.54
σ8
0.8192 +0.0085−0.0088 0.8161
+0.0085
−0.0071 0.844
+0.016
−0.019 0.8148
+0.0088
−0.0072 0.844
+0.018
−0.020 0.844
+0.019
−0.019
0.8180 0.8145 0.848 0.8149 0.851 0.852
H0
68.34 +0.50−0.51 68.19
+0.50
−0.48 69.06
+0.66
−0.73 68.12
+0.48
−0.50 68.98
+0.62
−0.66 68.94
+0.67
−0.71
68.25 68.13 69.12 68.11 69.08 69.27
TABLE II. Best fit, mean and ±1σ values for cosmological parameters in ΛCDM and each of the models considered in this
paper.
Galaxy Sample from SDSS [38].
• Pantheon: We use the Pantheon sample [39] con-
sisting of a total of 1048 SN Ia in a redshift range
of 0.01 < z < 2.3.
• SH0ES: We use the recent H0 measurement that
adds LMC Cepheids to get a 2% level measurement
of H0 [13] as 74.03± 1.42 km/s/Mpc.
• We use a flat prior for all ΛCDM and new physics
parameters, where applicable. We restrict τreio >
0.038 in order to be consistent with the observation
of the Gunn-Peterson trough in the spectrum of
high-redshift quasars [15].
We run the parameter scans with two different strate-
gies. Firstly, in order to map out the parameter space,
we perform a scan over both our parameters c and c˜. To
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FIG. 4. The 2D posterior for H0 and S8 in our model with
c = 0.1 (shaded blue) and ΛCDM (black) compared to local
measurements (green bands).
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FIG. 5. Contours showing 1 and 2σ bounds for c, c˜ including
HST (shaded blue) and without HST (green). We see that
including the HST dataset disfavors the c˜ = 0 point.
assess the importance of including the SH0ES likelihood,
we also sample from the posterior with the H0 prior from
HST omitted. Our posteriors for these runs are shown
in figure 5. The posterior for the parameter c is peaked
at 0, with a 2σ allowed region of c < 0.6 (without HST)
and c < 0.4 (with HST). This is consistent with what
was found in a preliminary analysis in [7]. Without the
HST data, we also obtain constraints on the parameter
c˜ < 0.3. Interestingly, however, we find that the value c˜
is preferred to be non-zero once the H0 data is taken into
account, and c˜ = 0 is disfavored at the 2.8σ level. This
is expected from our discussion earlier and figure 2.
Secondly, we fix values of the parameter c = 0.1, 0.2
and scan over the parameter c˜. This is motivated by
the swampland dS conjecture which points to a non-zero
O(1) value for c. Consequently, there is a theoretical
prior on c away from zero. The results of the correspond-
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FIG. 6. Posteriors for H0 in ΛCDM, scalar field quintessence
and fading dark matter models described in table II. The
green shaded regions show the 1, 2, 3 and 4σ ranges for the
SH0ES measurement [13].
ing fit are shown in table I. We see that for values of c in
the range [0, 0.2] the fits do not change appreciably. In
each case the presence of c alone makes the HST likeli-
hood worse. However, adding c˜ improves this likelihood
(even compared to ΛCDM). We show the best-fit values
as well as the mean and error bars for the cosmological
parameters in table II.
In figure 6 we show the H0 posterior distribution for
the fading dark matter model with c = 0.1, the ΛCDM
model, and the quintessence model with no coupling to
dark matter. Evidently, the model with the coupling to
dark matter accommodates a larger value of H0 reducing
the tension with the locally measured value from 4.4 to
3.1 σ.
In addition, we show 2D posteriors of the parameters of
our fading dark matter model with c = 0.1 compared to
quintessence and ΛCDM in figure 7. The constraints on
ΛCDM and scalar field quintessence-only model are sim-
ilar but addition of a coupling to dark matter shifts the
S8 and H0 posteriors, as previously mentioned. These ef-
fects are more pronounced for larger values of c as shown
in the Appendix. That our model modifies only late time
cosmology can be seen from the posterior of rdrag which
is identical to that of ΛCDM.
We highlight further phenomenological features of the
fading dark matter model below.
B. Matter power spectrum
The only parameters in early cosmology that are differ-
ent in our models from ΛCDM are τreio and As (such that
the well-measured combination Ase
−2τreio is preserved).
Even though the value of As is smaller, our σ8 posterior
is shifted to larger values than that of ΛCDM, as a result
of late-time modification of the growth rate.
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FIG. 7. Posterior distributions comparing parameters of the fading dark matter model with c = 0.1, scalar field quintessence
and ΛCDM.
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FIG. 8. Posterior distributions comparing parameters of the fading dark matter model with c = 0.2, scalar field quintessence
and ΛCDM.
8There is a long-standing tension between measure-
ments of the matter power spectrum, often called the σ8
tension, where the value of σ8 inferred from the CMB
is larger than that measured in weak lensing experi-
ments within ΛCDM. More precisely, it is the combina-
tion S8 ≡ σ8(Ωm/0.3)0.5 that is constrained by lensing
measurements. In figure 4 we show the 2D posterior of
H0 and S8 in our fading dark matter model, overlaid
with the SH0ES measurement of H0 and the DES mea-
surement of S8. Clearly our model goes in the direction
of easing both tensions, but does not resolve them com-
pletely. This result is comparable to the results obtained
in [40] for a very specific model of decaying dark mat-
ter. We note, however, that models of decaying dark
matter are tuned in the sense that they require a dark
matter lifetime comparable to the age of the universe
to have the desired cosmological impact. In addition to
its theoretical appeal, fading dark matter makes distinct
phenomenological predictions such as a fifth force in the
dark sector. It also does not require the presence of dark
radiation to which dark matter decays and only affects
the late universe whereas generic decaying dark matter
can impact early universe cosmology as well.
C. Equation of state for dark energy
Quintessence models are strongly constrained by su-
pernova measurements [7, 20, 22, 39] of the equation of
state of dark energy, wDE(z). In the presence of a dark
matter coupling to scalar fields, there is no invariant def-
inition of wDE, since the stress energy tensor of dark en-
ergy is not separately conserved.
When fitting to supernova data, we can extract an ef-
fective equation of state, wDE. This is calculated from
the z-dependence of ρDE defined as follows:
ρDE ≡ ρtot − ρb − ρc,0 (4)
where ρc,0 is the component of dark matter that redshifts
like a−3 from the CMB epoch. Then,
1 + wDE = − 1
3ρDE
∂ρDE
∂(log a)
(5)
Note that 1+wDE defined this way can in general be neg-
ative [41, 42], since the coupled dark matter + dark en-
ergy system in our model redshifts slower than a ΛCDM-
like system. This is intriguing since supernova data has
a slight preference for a negative value for 1 + wDE in
w0wa-parametrized equation of state models [39]. We
show wDE(z) in our best-fit c = 0.1 fading dark matter
model in figure 3. Despite this, the Pantheon likelihoods
do not have a preference for our best fit model relative
to the ΛCDM/quintessence only models.
D. Fifth force in the dark sector
The coupling of the scalar field φ with the dark mat-
ter induces a new long-range attractive force exclusively
between dark matter particles. In the non-relativistic
limit, this effectively appears as a modification of New-
ton’s constant for dark matter.
There are a number of constraints on such a modifica-
tion. Since c˜ ∼ 0.3, the modification is sizeable. Many
constraints rely on effects on early cosmology [42]. In
our model, however, the coupling of the scalar field to
dark matter is very small until late times, and conse-
quently the constraints are much weaker. There are also
local observables at galactic scales, e.g. the tidal tails of
satellite galaxies of the Milky Way, which are affected by
additional forces in the dark sector. The present con-
straints from the tidal tails [43, 44] limit the new force to
be O(10%) (which corresponds to c˜ ∼ O(0.1)). There-
fore, we see that these measurements have the potential
to detect this scalar field coupling to the dark matter.
Note that these constraints will be weakened if only
a fraction of dark matter is coupled to φ with a corre-
spondingly larger value of c˜. Even though a part of dark
matter is more strongly interacting in this case, most of
the gravitational potential felt by baryons is set by “or-
dinary” dark matter.
E. PREDICTIONS FOR FUTURE
Similar to the analysis in Ref. [7], we can extrapolate
the scalar field evolution to the future, and predict its
impact is on cosmology.
Here we will assume that the scalar field potential re-
mains positive and continues to be of the form chosen,
i.e V ∼ exp(−cφ). Since we have already entered the
phase of dark energy domination, this term in the poten-
tial dominates the future evolution of φ.
On this potential, φ approaches the fixed point where
Ωφ = 1, dφ/d(log a) = c (6)
Therefore, the field travels a distance 1/c˜ in N = 1/cc˜
number of e-folds. At this point in the moduli space
the tower of states start becoming exponentially light,
dramatically changing the nature of low-energy physics.
For our best fit models c lies in the range [0, 0.2] and
c˜ ∼ 0.3. Recall that c ∼ O(1) is theoretically preferred,
so we choose c = 0.1 as a benchmark. This corresponds
to N ' 30 in our fading dark matter model. Intriguingly,
this puts the current universe somewhere in the middle
of cosmological history from advent of FRW cosmology
to its ultimate demise.
IV. CONCLUSION
In this note, we considered the implications of the
swampland de Sitter and distance conjectures for cosmol-
9ogy. The de Sitter conjecture suggests that the universe
today is dominated by an evolving scalar field. The dis-
tance conjecture in turn suggests that this evolving scalar
field should be responsible for evolution of the mass of
a tower of states. Identifying this tower of states with
the dark matter, the swampland conjectures motivate a
model of evolving dark energy interacting with dark mat-
ter.
We studied a simple realization of this setup with the
form of the potential and coupling motivated by string
theory. When we include the local H0 measurement, we
found the constraints on the parameter c are tighter than
those derived in [7]. These constraints are relaxed (we
find at 2σ that c < 0.4), however, if we consider a cou-
pling of the quintessence field with dark matter. Further,
we found that the recent HST measurements of H0 prefer
a non-zero value of c˜ ∼ 0.3, a coupling to dark matter,
with significance of 2.8σ. This late-time modification im-
proves the fit to data at the 2σ level compared to ΛCDM.
Taken seriously, this suggests the scale for the O(1) co-
efficients in the swampland conjectures.
The fading dark matter model considered here predicts
a value of w(z) that maybe measurable in upcoming dark
energy experiments [20]. The coupling of dark matter
with dark energy produces an additional long-range force
between dark matter particles. As mentioned, this can
affect the tidal tails of disrupted satellite systems. The
magnitude of the long-range force in our models is ex-
pected to produce observable astrophysical signals, and
it would be very interesting to look for signs of a new
long-range force in the dark sector in astrophysical data.
The model presented here only modifies late-time cos-
mology. It will be interesting to see if there are natural
extensions that also modify early cosmology, which can
go further in resolving the tension between the CMB and
local cosmological measurements of H0 and σ8.
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